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Cosmic strings produce charged particles which, by emitting electromagnetic radiation, partially
ionize neutral hydrogen during the dark ages. Corrections to the ionization fraction of neutral
hydrogen induced by cosmic strings could lead to new observational effects and/or new constraints
on the string tension around Gµ ∼ 10−16 − 10−22 for values of the primordial magnetic field in the
range B0 ∼ 10−11 − 10−9 Gauss.
I. INTRODUCTION
Cosmic strings [1] are linear topological defects which
may have formed in the early universe. In particle physics
models which admits cosmic strings, a network of strings
will inevitably form during a symmetry-breaking phase
transition [2] and persist to late times. The string net-
work consists of a “scaling system” of “long” strings
(strings with curvature radius larger than the Hubble
horizon) and a distribution of string loops with radii
smaller than the Hubble horizon. By “scaling system” it
is meant that the statistical properties of the network are
independent of time if all lengths are scaled to the Hubble
horizon. In fact, the mean separation of the long strings
can be shown to be comparable to the horizon. This can
be seen both using analytical arguments [1] and numer-
ical simulations [3]. The scaling network of long strings
is maintained by the strings intersecting each other and
producing loops. The typical formation radius Ri(t) at
time t of a string loop is again comparable to the horizon,
Ri(t) = αt, α being a constant of order unity. The loops
oscillate and gradually decay. For large loops gravita-
tional wave emission [4] is the dominant decay channel,
for small loops it is the process of “cusp annihilation” [5]
producing elementary particles which is more important.
Cosmic strings form lines of trapped energy density.
If the energy scale of the phase transition which leads
to cosmic string formation is η, then the string tension
(which equals the mass per unit length) is
µ ' η2 . (1)
The dynamics of cosmic string networks can be described
by the dimensionless number Gµ, where G is Newton’s
gravitational constant.
The trapped energy of the strings gravitates and leads
to specific signatures which can be searched for in cos-
mological observations (see e.g. [6] for a review). The
signatures of the long string network increase in strength
proportional to µ. Hence, searching for cosmic string sig-
natures in the cosmological observations is a way to probe
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particle physics beyond the “Standard Model” “from top
down”. Not observing signals which strings predict can
be used to rule out classes of particle physics models [7].
The current robust upper bound on the cosmic string ten-
sion is Gµ < 1.5×10−7 which comes from measurements
of the angular power spectrum of the cosmic microwave
background [8]. If the distribution of string loops also
achieves a scaling solution (which Nambu-Goto simula-
tions of string evolution [9] indicate, but not all simula-
tions based on solving the classical field theory equations
[10]), then a stronger bound of Gµ < 10−10 can be de-
rived from pulsar timing constraints on the amplitude of
the stochastic gravitational wave background [11].
According to the one-scale model of the string loop
distribution, the number density of string loops per unit
radius R at a time t after the time teq of equal matter
and radiation is given by [1]
n(R, t) ∼ R−5/2t1/2eq t−2 (2)
for loops produced before teq. This distribution is valid
down to a lower cutoff radius Rc(t) ∼ t which in the
case of graviational radiation dominating the string loop
decay is
Rc(t) = γβ
−1(Gµ)t , (3)
where β and γ are constants which will be introduced
later. Hence, the loops dominate the energy density in
cosmic strings, and dominate the string decay emission
products.
The initial interest in the role of cosmic strings in cos-
mology was sparked by the idea that string loops could
be the seeds for galaxies and galaxy clusters [12]. How-
ever, since a distribution of strings as the main source
of cosmological perturbations does not produce acous-
tic oscillations in the angular power spectrum of CMB
anisotropies [13], the discovery of these oscillations [14]
killed this idea. Nevertheless, since there is good evidence
from particle physics that cosmic strings might form in
the early universe, it is of great interest to look for their
signatures, and in particular for effects of string loops. In
fact, it was shown that string loops might yield the seeds
about which high redshift supermassive black holes form
[15], and may play a role in globular cluster formation
[16].
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2An important feature of cosmic string loops is that any
loop (or radius R) will experience a cusp at least once per
oscillation time R [17]. A cusp is a region of length [18]
lc(R) ∼ R1/2w1/2 (4)
(where w ∼ µ−1/2 is the width of the string) about a
point where the two sides of the string overlap. Such a
region is unstable to annihilation into a burst of particles
[5]. The primary decay products are the scalar and gauge
field quanta associated with the string, but these rapidly
decay into jets of long-lived elementary particles such as
neutrinos, pions and electrons, and also high energy pho-
tons. The resulting flux of ultra-high energy photons and
neutrinos was studied in [19] and [20]. The consequences
for fast radio bursts were recently analyzed in [21], and
the implications for the global 21cm signal were studied
in [22]. The effects of strings typically increase in am-
plitude as Gµ decreases, until the value of Gµ for which
gravitational radiation ceases to be the dominant decay
channel. Thus, one can hope that searching for signals
of string loops can provide constraints on lower tension
strings.
Since string loops are present and undergo cusp annihi-
lation at all times, they will contribute to early reioniza-
tion of the universe. The effect of superconducting cosmic
strings, which have a direct decay channel into photons,
was studied in [23]. In this work, we will study the corre-
sponding signal for ordinary (i.e. non-superconducting)
strings.
After recombination, most of the hydrogen in the uni-
verse is neutral. It is only after non-linear structure forms
that hydrogen can be fully ionized again. By analyzing
the spectra of most distant quasars, one can conclude
that most of the hydrogen was reionized at redshift z ∼ 6
[24]. However, if cosmic strings [25] were formed in the
early universe, they could ionize the hydrogen at earlier
times. We will study how this effect depends on the string
tension and on the amplitude of the primordial magnetic
fields.
Throughout this paper, we use parameters for a flat
ΛCDM model: The Hubble expansion rate is taken to
be H0 = h × 100 km/s/Mpc with h = 0.7, the frac-
tional contribution of baryons to the total energy den-
sity being Ωb = 0.05 and that of matter Ωm = 0.26.
The cosmological redshift z(t) is related to time via
1 + z(t) = (1 + zeq)
√
tteq/t in the radiation dominated
epoch, and 1 + z(t) = (1 + zeq)(teq/t)
2/3 in the matter
dominant epoch, where teq = (2
√
ΩrH0)
−1 is the time
of equal matter and radiation and zeq = Ωm/Ωr with
h2Ωr = 4.18 × 10−5. Ωr is the current fractional con-
tribution of radiation to the current energy density. We
also adopt natural units, ~ = c = 1.
II. CUSP ANNIHILATION ELECTRON
SPECTRUM
In this section, we compute the flux of high energy
particles from cusp annihilation of non-superconducting
cosmic strings. In the following section, we will then use
this flux to compute the contribution of cosmic strings to
ionization of the universe after the time of recombination.
A cosmic string cusp initially decays by emitting
quanta of the Higgs and gauge fields which make up the
string. These particles, in turn, decay into a jet of Stan-
dard Model particles, in particular charged and neutral
pions, electrons and neutrinos. The energy distribution
of particles in such jets has been well studied by particle
physicists, with the result that the spectrum of charged
pions produced by a cusp annihilation event is given by
[19]
dN
dE
=
15
24
µlc
Q2f
(
Qf
E
)3/2
, (5)
where Qf is the energy of the primary decay quanta,
which is of the order of η. In the following we will take
Qf ∼ η, leading to
dN
dE
∼ 15
24
µ1/2R1/2E−3/2 . (6)
The spectrum of electrons produced by the cusp-induced
jets has the same scaling.
The energy distribution at time t′ (number per unit
energy per unit time) of electrons emitted by cusps is
found by integrating over the loop distribution at a time
t′ from the lower cutoff radius Rc(t′) to the upper cutoff
R = αt′ where (α ∼ 1)
d2ne(t
′)
dE(t′)dt′
=
∫ αt′
Rc(t′)
n(R, t′)
dN
dE
1
R
dR (7)
where n(R, t′) is the number density of loops of radius R
per unit R interval at time t′, and the factor 1/R comes
from the fact that there is one cusp event per oscillation
time R.
The lower cutoff radius Rc(t) is related to decay time
scale
τ =
µL
P
=
µβR
P
(8)
of loops. Here, L and R are, respectively, the string
length and the loop radius and β ∼ 10 is a parameter
that measures how circular loops are on average (per-
fectly circular loops have β = 2pi). Usually, P is the
power radiated away by the dominant decay process for
loops. For example, if Gµ > 10−18, gravitational radi-
ation dominates during the entire time interval between
recombination and the present time, so we use
Pg = γGµ
2, (9)
3where γ ∼ 100 is dimensionless constant [4]. If Gµ <
10−18, then cusp annihilation dominates as a decay mech-
anism in the time interval of interest, and we must use
[18]
Pc ∼ µlc/R ∼ µ3/4R−1/2 . (10)
Indeed, comparing (9) and (10) we see that the power
emission from cusp decay decreases less fast than that of
gravitational radiation. Hence, for fixed time there will
always be a value of Gµ below which cusp decay starts
to dominate.
From (7) it is clear that it is loops at the lower cutoff of
the integration range which dominate the energy injected
from string cusps. The reason is that the loop distribu-
tion for loops formed before equal matter and radiation
scales as R−5/2. Also, considering the Gµ dependence
of the electron flux from cusp annihilation, we see that
the flux increases as Gµ decreases as long as Rc is deter-
mined by gravitational radiation. We will be interested
in the values of Gµ which give the largest flux. Hence, as
discussed in [26], both gravitational radiation and cusp
annihilation are important decay mechanisms for the rel-
evant values of Gµ. Therefore, in order to obtain an
accurate description of the cusp annihilation spectrum
when Gµ ∼ 10−18 , we will use P = Pg +Pc. This yields
the following expression for the cutoff radius:
Rc =
(
γGµ+ µ−1/4R−1/2c
)
β−1t (11)
Analytic solutions to this expression can be found in the
limits of large and small Gµ. In general, one should solve
the equation above using numerical methods.
In order to evaluate equation 7, we use the loop distri-
bution function (2) which holds if R > Rc(t) and t > teq.
Since the integral in (7) is dominated by the lower cutoff,
the energy distribution of electrons produced at time t′
can be written as
d2ne(t
′)
dE(t′)dt′
≈ 5
16
νµ1/2t1/2eq t
′−2Rc(t′)−2E−3/2 . (12)
We now wish to determine the energy distribution of
electrons at some time t produced by cusp decays be-
tween the time of recombination and t. This is done by
integrating equation (12) with respect to t′. The integra-
tion requires a Jacobian transformation between energies
at different times to take into account the redshifting of
the number density and of the energy between times t′
and t:
E3/2(t′)
dne(t
′)
dE(t′)
= E3/2(t)
dne(t)
dE(t)
(
t
t′
)1/3(
t
t′
)2
.
(13)
Integrating with respect to t′, we obtain the following
electron spectrum:
dne(t)
dE(t)
≈ 5
16
νµ1/2t1/2eq E(t)
−3/2t−7/3
∫ t
trec
dt′t′1/3Rc(t′)−2 .
(14)
For large values of Gµ when gravitational radiation
dominates string loop decay, this expression scales as
(Gµ)−3/2, for small values of Gµ when cusp decay is more
important and when (see (11))
Rc(t) ∼ (Gµ)−1/6 (15)
the scaling of the electron energy flux is proportional to
(Gµ)1/6. Thus, the highest flux of electrons occurs in
the range of Gµ values when gravitational radiation of a
string loop is comparable to cusp annihilation.
III. IONIZATION FRACTION OF STRINGS
To estimate the correction to the ionization fraction
of hydrogen due to cosmic strings, will follow the ap-
proach taken in [23]. Assuming that one photon in the
frequency interval between ωi and ωf emitted from the
string loop ionizes one hydrogen atom, we can derive the
following expression for the ionization fraction due to cos-
mic strings:
x(z) =
1
αrnH(z)2
∫ ωf
ωi
dω
d2nγ
dωdt
. (16)
where (d2nγ/(dωdt) is the number density of photons per
unit frequency interval per unit time due to the string
loop cusp annihilations. Here, αr = 2.6 × 10−13 cm3/s
is a recombination coefficient, nH(z) = 8.42 × 10−6(1 +
z)3ΩBh
2 cm−3 is the number aboundance of neutral hy-
drogen at redshift z, Photon with frequency below the
Lyman-α frequency ωi = 13.6eV do not have enough en-
ergy to ionize neutral hydrogen. Those with frequency
above a cutoff frequency ωf = 10
4eV have too small a
ionization cross section.
In the case of superconducting strings, there is di-
rect photon emission from the string loops. In our
case, the photons in the relevant low energy regime are
mainly produced by electrons from cusp annihilation via
Bremsstrahlung and Synchroton emission. There is also
direct photon emission from cusps, but the correspond-
ing spectrum is only known at high energies, i.e. for
photon energies larger than the pion mass [19]. Hence,
we focus on the more robust mechanisms of photon pro-
duction in the frequency range relevant to ionization,
mechanism which reply on electrons producing photons
during their propagation. There are two main mecha-
nisms - Synchrotron emission and Bremsstrahlung. Syn-
chrotron emission depends on the strength of the primor-
dial magnetic fields in which the string loops live, whereas
Bremsstrahlung is a more general phenomenon. In the
following, we will study both channels.
A. Bremsstrahlung Ionization
Charged particles emitted by a string are slowed
down by the surrounding medium, which creates
4Bremsstrahlung radiation. The strength of emission de-
pends on both the flux of the charged particles produced
by cusp radiation and on the density of the surrounding
medium. According to [26, 27], the spectrum of pho-
tons emitted via Bremsstrahlung per unit time per unit
frequency for a cusp at a given time is given by
d2nγ(t)
dωdt
≈
(
8
3
m−1/2pi
)
αEMr
2
0Ke(t)E(t)
−1
(∑
s
ns(t)φ˜w
)
.
(17)
Here, mpi is the mass of the pion, αEM is the electromag-
netic fine structure constant, r0 = m
−2
e is the Compton
wavelength of the electron, E(t) is the energy of the in-
duced photons, ns(t) is the number density of charged
particles the electrons interact with and φ˜ω ∼ 300 is a
dimensionless weak shielding coefficient. The dependence
on the flux of charged particles enters through the quan-
tity Ke(t) which is the coefficient of the power law
dne(t)/dE(t) ≡ Ke(t)E(t)−3/2 . (18)
By inspection with equation 14, we conclude that Ke(t)
takes the value
Ke(t) =
5
16
νµ1/2t1/2eq t
−7/3
∫ t
trec
dt′t′1/3Rc(t′)−2 . (19)
Note that we are only considering the effect of charged
particles produced after the time trec of recombination.
Those produced before trec interact with the charged
plasma and rapidly lose their energy, and we will ne-
glect their contribution. Also, the weak shielding approx-
imation breaks down when neutral hydrogen becomes
fully ionized at reionization. Therefore, our solution only
holds for times between trec and the time of reionization.
To estimate the ionization fraction xb(z) for
Bremsstrahlung, we use equation (16) to obtain
xb(z) =
1
αrnH(z)2
(
8
3
m−1/2pi
)
αEMr
2
0Ke(t(z))
×
(∑
s
ns(t(z))φ˜w
)
log
(
ωf
ωi
)
.
(20)
The ionization fraction for Bremsstrahlung is plotted in
Figure 1, where we have used a single type of species
which the electrons interact with, namely the neutral hy-
drogen atoms. The dependence on Gµ in the low and
high Gµ limits, respectively, comes from the dependence
of the charged particle density onGµ which was discussed
at the end of the previous section. In the high Gµ limit
the induced ionization fraction scales as (Gµ)−3/2, in the
small Gµ limit the scaling is as (Gµ)1/6. In the inter-
mediate regime, the result has to be determined by nu-
merically solving for Rc(t). The main message to draw
from this calculation is the Bremsstrahlung contribution
to re-ionization is negligible.
FIG. 1. Ionization fraction from Bremsstrahlung at different
redshifts. The values of Gµ run from 10−19 to 10−17.
B. Sychrotron Ionization
Charged particles emitted from a string can be accel-
erated radially in the presence of primordial magnetic
fields. The resulting acceleration of the charged particles
creates synchrotron radiation which can partially ionize
the surrounding medium. The spectrum of photons emit-
ted from cosmic strings via synchrotron radiation is com-
puted as
d2nγ(t)
dωdt
=
2De(t)e
3
me
B(t)5/4
(
3e
2me
)1/4
a(3/2)E(t)−5/4 .
(21)
Here, e is the electron charge, me is the mass of the
electron, B(t) is the magnetic field acting on the cusp
at time t, a(3/2) is a dimensionless constant of order
10−1. The function De(t) comes from the flux of charged
particles and is defined by
dne(t)
dΓ
≡ De(t)
4pi
Γ−3/2 , (22)
where Γ = E(t)/me.
We can find De(t) using equation 14 and obtain
De(t) =
5
4
pim−1/2e νµ
1/2t1/2eq t
−7/3
∫ t
trec
dt′t′1/3Rc(t′)−2 .
(23)
We then get the following expression for the ionization
fraction xs(z) of synchrotron radiation:
xs(z) =
1
αrnH(z)2
8De(t(z))e
3
me
B(t(z))5/4
×
(
3e
2me
)1/4
a(3/2)
(
ω
−1/4
i − ω−1/4f
)
.
(24)
The ionization fraction for synchrotron radiation is
plotted in Figure 2 as a function of redshift assuming
5FIG. 2. Ionization fraction from synchrotron radiation at different redshifts. On the left, the value of B0 is fixed at 1 nG while
the values of Gµ run from 10−24 to 10−18. On the right, the value of Gµ is fixed at 10−18 while the values of B0 run from
10−12 Gauss to 10−9 Gauss.
the following scaling of the primordial magnetic field
B(t(z)) = B0(1 + z)
2 . (25)
In each subplot of Figure 2, we explore the parameter
space of the ionization fraction by fixing Gµ and B0 one
at a time. We see that, for a large area of parameter
space, the ionization fraction due to synchrotron radia-
tion is much larger than that due to Bremsstrahlung. As
we will see in the next section, it can also dominate over
the ionization fraction in the standard ΛCDM model at
redshifts between recombination and reionization.
IV. EFFECT ON REIONIZATION HISTORY
If the ionization produced after the time of recombina-
tion is important compared to what is produced in the
standard ΛCDM model of cosmology, measurable effects
on cosmological observables are possible. Since early ion-
ization affects the spectrum of CMB anisotropies, con-
straints on new physics producing early ionization are
possible. Early ionization can also affect the physics of
the reionization period. We leave the study of these ef-
fects to future work, and only make a few comments.
Using the CAMB code [28, 29] and the best fit cos-
mological parameters of the ΛCDM model mentioned in
the introduction, we can compute the ΛCDM total back-
ground ionization x0(z) from recombination to our cur-
rent time. Given that cosmic strings emit charged parti-
cles which contribute to reionization, they contribute to
the total ionization by an amount xs(z). Here, we ne-
glect Bremsstrahlung radiation since xg(z)  xs(z) for
the region of parameter space which interest us. The
total ionization fraction
xtot(z) = x0(z) + xs(z) (26)
takes the values described in Figure 3.
In Figure 4 we plot the region in the Gµ−B0 parameter
space for which synchrotron radiation from string loops
dominates over the remnant ΛCDM ionization fraction.
In this parameter space region, cosmic string loops will
have a potentially measurable effect.
V. CONCLUSION
We have computed the contributions of
Bremsstrahlung and synchrotron radiation from cosmic
string cusp annihilation to the total ionization fraction of
the universe in the dark ages. Whereas the contribution
of Bremsstrahlung is negligible, that of synchrotron
radiation can be important, depending on the values of
the string tension Gµ and of the primordial magnetic
field B0. We have identified the range of values in the
Gµ vs. B0 parameter space where the cosmic string
contribution to the ionization fraction is larger than
what is predicted in the standard ΛCDM model at some
point between recombination and reionization (which
we have chosen to be at redshift z = 12 in Figure 4).
In this work, we have considered non-superconducting
strings. Superconducting strings lead to a larger effect,
as studied in [23].
In work in progress, we are calculating the effects of
the string-induced extra ionization of the spectrum of
microwave anisotropies, with the goal of determining an
exclusion region in the Gµ vs. B0 parameter space.
6FIG. 3. Ionization histories which take into account the ionization fraction from strings (dashed lines) are compared to a
standard ΛCDM ionization history (black curve). On the left, the value of B0 is fixed at 1 nG while the values of Gµ run from
10−24 to 10−18. On the right, the value of Gµ is fixed at 10−18 while the values of B0 run from 10−12 Gauss to 10−9 Gauss.
FIG. 4. Color map of the ionization fraction induced by cosmic strings at z = 12 for different values of Gµ and B0. The
red region shows parameters for which synchrotron radiation from string loops dominates over the remnant ΛCDM ionization
fraction.
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